Proteins containing PDZ domains are involved in a large number of biological functions, including protein scaffolding, organization of ion channels, and signal transduction. We recently identified a novel PDZ domaincontaining protein, PDZK1, that is selectively expressed in normal tissues, where it is associated and colocalized with MAP17, a small 17-kDa membrane-associated protein; cMOAT, an organic anion transporter implicated in multidrug resistance; and the type IIa Na/Pi cotransporter. The protein cluster formed by PDZK1, MAP17, and cMOAT is upregulated in a significant number of human carcinomas originating in the colon, breast, lung, and kidney. In order to better define the function of PDZK1 in the protein cluster and its potential role in the organization of ion channels, we generated a PDZK1 knockout mouse. While PDZK1-deficient mice developed normally, did not display any gross phenotypic abnormalities, and were fecund, lack of PDZK1 resulted in modulation of expression of selective ion channels in the kidney, as well as increased serum cholesterol levels. However, no significant redistribution of proteins known to interact with PDZK1, such as MAP17, cMOAT, and the type IIa Na/Pi cotransporter, was observed. The absence of a more significant phenotype in PDZK1-deficient mice may be due to functional compensation by other PDZ domain-containing proteins, which could be instrumental in determining the location of interacting proteins such as ion channels and other membrane-associated proteins in defined areas of the plasma membrane.
PDZK1, a recently described protein containing four PDZ domains, belongs to a cluster of proteins including MAP17 and cMOAT (7) (8) (9) (10) . All three proteins are upregulated in human carcinomas arising in the kidney, lung, colon, and breast. Although the exact function of PDZK1 is unknown, it has been postulated that it plays a role in multidrug resistance through its interaction with the organic anion transporter cMOAT, also known as MRP2, the multidrug resistance-associated protein (9, 11, 12, 14, 24) . More recently, PDZK1 has been found to interact with the type IIa Na/Pi cotransporter and therefore may participate in the apical sorting of ion channels (4) . Furthermore, PDZK1 is overexpressed in estrogen receptor-positive breast carcinomas compared to estrogen-negative tumors, suggesting a role for PDZK1 in tissue response to ␤-estradiol (3). PDZ domains were originally recognized as structural motifs in the mammalian postsynaptic density protein PSD-95 (1), the Drosophila disk large tumor suppressor Dlg (26) , and the tight junction protein ZO-1 (25) . Such domains, typically 80 to 120 amino acids, bind to well-defined consensus sequences and have been described in a number of proteins associated with specialized areas of the plasma membrane (2, 22) . PDZ domain-containing proteins are involved in synaptic organization, control of cell proliferation, and cell differentiation (1, 6, 13, 20, 26) . Some of these proteins contain several PDZ domains and, as a result, promote the clustering of a small group of proteins and organize complex biological functions, such as signal transduction (19, 21) . Little is known about the function of PDZ domain-containing proteins during development and about the dispensability of such proteins. We report here the generation and characterization a PDZK1 knockout mouse and demonstrate that disruption of the gene for PDZK1 is not associated with abnormal growth and development or redistribution of interacting proteins. However, disruption of the gene for PDZK1 results in downregulation of selective ion channels and membrane-associated protein gene expression, together with increased serum cholesterol levels, in knockout mice.
MATERIALS AND METHODS
Cloning of the mouse PDZK1 cDNA. A mouse kidney 5Ј stretch plus cDNA (Clontech, Palo Alto, Calif.) was hybridized with a [ 32 P]dCTP-labeled BglII DNA fragment containing the complete sequence of the human PDZK1 cDNA. A full-length recombinant cDNA clone was sequenced by using oligonucleotide primers (Integrated DNA Technologies, Coralville, Iowa) and a 373 automated DNA sequencer from Applied Biosystems (Branchburg, N.J.).
Isolation and mapping of the mouse gene for PDZK1. Two pairs of oligonucleotide primers derived from the mouse PDZK1 cDNA sequence (Integrated DNA Technologies) were used to screen a 129SvJ BAC genomic library (Genome System, St. Louis, Mo.), from which two clones were obtained. Plasmid DNA was prepared by using a Qiagen kit for large constructs (Qiagen, Valencia, Calif.). Sequencing was conducted by starting with oligonucleotide primers derived from the cDNA clone sequence, followed by oligonucleotides derived from the introns. A map of the gene for PDZK1 was generated by using the sequencing data (Fig. 1A) .
Construction of the targeting vector. A 2.7-kb BamHI DNA fragment upstream from the translation start codon of the gene for PDZK1 was isolated from the BAC genomic clone and inserted into the BglII site of the pKO Scrambler NTKV-1901 plasmid (Stratagene, La Jolla, Calif.). An 8-kb SalI-BamHI DNA fragment from the BAC clone corresponding to the sequences extending from the second intron to the sixth intron were inserted between the SalI and BamHI sites of plasmid pBluescript in order to add a NotI restriction site. The 8-kb SalI-NotI DNA fragment was inserted into pKO Scrambler NTKV-1901 already containing the 5Ј region of the gene for PDZK1 in order to complete the construction of the targeting vector (Fig. 1A) . The construct was verified by DNA sequencing by using specific primers. The recombinant plasmid was linearized with NotI prior to transfection of ES cells.
Transfection of ES cells. Transfections of AB2.2-Prime ES cells (Mouse Kit; Stratagene) were performed with a Bio-Rad Gene Pulser using a 0.4-cm electrode gap cuvette (Bio-Rad, Hercules, Calif.) at 230 V and 500 F of capacitance in a 0.9-ml volume of phosphate-buffered saline containing 10 ϫ 10 6 cells and 15 g of linearized targeting vector. Transfected ES cells were immediately plated on neomycin-resistant, mitotically inactivated mouse embryonic fibroblasts in Dulbecco modified Eagle medium containing 14% fetal bovine serum and supplemented with 2 mM L-glutamine, 0.1 mM ␤-mercaptoethanol, 50 U of penicillin G per ml, and 50 g of streptomycin sulfate per ml. G418, at a concentration of 300 g/ml, was added 24 h following the transfection to select for neomycin-resistant clones. The selection was carried out for 11 days, after which single colonies were picked by using pipette tips and transferred into two sets of 96-well plate replicas, one set for expanding the clones to be frozen and the other set for DNA analysis. Southern blot analysis. After the cells reached confluence, genomic DNA was extracted from ES cell clones for DNA analysis in accordance with the manufacturer's (Stratagene) protocol. After purification, the genomic DNA was digested with BglII and XhoI and run on 1% agarose gels containing 0.5 g of ethidium bromide per ml in TAE buffer with appropriate size markers, examined under UV light, and transferred to Biodyne filters (Pall Filter, Glen Cove, N.Y.). After blotting, filters were UV cross-linked by using a Stratalinker (Stratagene) and hybridized by using a [ 32 P]dCTP-labeled 1.6-kb DNA fragment (probe) located on the gene for PDZK1 upstream from the area of the gene used to make the targeting vector (Fig. 1A) . Following the hybridization, filters were exposed to Kodak XAR film at Ϫ80°C (Fig. 1B) .
Chimeras. Two ES cell clones that had undergone homologous recombination of the gene for PDZK1 with the targeting vector were injected into C57BL/6 blastocysts at 10 to 15 cells per injection. Embryos were transferred into pseudopregnant mice at 5 to 10 blastocysts per uterine horn. Coat color chimeras were mated to either C57BL/6 or 129SvEv mice.
Genotyping of offspring. Tail DNA was prepared by using a Qiagen DNA extraction kit in accordance with the manufacturer's protocol. Three oligonucleotide primers were designed to be used in a single PCR allowing the distinction among wild-type, heterozygous, and knockout mice. The primer sequences were the following: wild type, 5Ј-GACACCATTGATCCTGAGCACCCTG-3Ј; common, 5Ј-CATGCAATTGGATGCGTGGGTC-3Ј; knockout, 5Ј-CTCTATGGC TTCTGAGGCGGAAAG-3Ј. Amplicons generated by PCR were 426 bp for the wild-type gene and 212 bp for the knockout gene; heterozygous mice showed both amplicons (Fig. 1C) .
Western blot analysis and immunoperoxidase studies. Affinity-purified antibodies against PDZK1 and MAP17 have been previously characterized (8, 10) . A polyclonal antibody was prepared against the 30-mer carboxy-terminal peptide of the cMOAT protein sequence (GSPEELLQIPGPFYFMAKEAGIENVNSTKF; Genemed Biotechnologies, Inc., South San Francisco, Calif.) (24) . A cysteine was added to the sequence at its NH 2 terminus in order to conjugate the peptide to keyhole limpet hemocyanin. Rabbits were immunized, and the antibody was purified by affinity chromatography using the same peptide bound to a SulfoLink column (Pierce, Rockford, Ill.). The type IIa Na/Pi cotransporter antibody was a gift from Jurg Biber (University of Zurich, Zurich, Switzerland). The anti-actin antibody was purchased from Sigma (St. Louis, Mo.).
For Western blot analysis, protein extracts prepared form PDZK1 knockout and wild-type adult mice were electrophoresed on sodium dodecyl sulfate-polyacrylamide gels, transferred to nitrocellulose, and incubated with the anti-PDZK1, anti-cMOAT, or anti-actin antibody and subsequently with anti-chicken or anti-rabbit immunoglobulin G (IgG) conjugated to horseradish peroxidase (GIBCO BRL, Gaithersburg, Md.). These incubations were followed by the ECL chemiluminescence reaction using the Super Signal West Pico Luminal reagents (Pierce).
For immunoperoxidase studies, tissues harvested from PDZK1 knockout and wild-type adult mice were fixed for 4 h in 4% paraformaldehyde in phosphatebuffered saline, pH 7.4, at 4°C and then transferred to 30% sucrose in phosphatebuffered saline, pH 7.4, overnight at 4°C. Tissues were then frozen in OCT compound (Miles Diagnostics, Elkhart, Ind.) and stored at Ϫ80°C. Immunoperoxidase studies were performed on 6-m fixed-frozen tissue sections using either the affinity-purified primary antibody against PDZK1, MAP17, cMOAT, or the type IIa Na/Pi cotransporter. Normal chicken IgY or rabbit IgG was used as a negative control. The sections were then incubated with biotinylated anti-chicken or anti-rabbit IgG using a 1/200 dilution (Vector, Burlingame, Calif.) and subsequently treated with the Vectastain ABC reagents (Vector) and diaminobenzidine (Research Genetics, Inc., Huntsville, Ala.) in accordance with the manufacturers' protocols.
RNA isolation. Whole kidneys were surgically removed from PDZK1 knockout and wild-type adult mice, frozen on dry ice, and stored at Ϫ80°C until use. Frozen tissue samples were simultaneously disrupted and homogenized for up to 60 s by using a Polytron (Kinematica, Lucerne, Switzerland) in lysis buffer RLT (Qiagen) containing 1.45 M ␤-mercaptoethanol. Total RNA was further purified in accordance with the manufacturer's protocol for the Qiagen RNeasy Mini Kit.
RT. Total RNA was reverse transcribed by using the ABI Prism 7700 Sequence Detection System and TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City, Calif.). Each reaction mixture contained 1ϫ reverse transcription (RT) buffer containing 5.5 mM MgCl 2 , 500 M each deoxynucleoside triphosphate, 2.5 M random hexamer, 0.4 U of RNase inhibitor, 1.25 U of multiscribe reverse transcriptase/l, 0.1 g of total RNA, and RNase-free distilled H 2 O (Sigma) to a total volume of 10 l per reaction mixture. The RT reaction cycle parameters were 10 min at 25°C, 30 min at 48°C, and 5 min at 95°C.
SYBR green real-time quantitative PCR. Oligonucleotide primers were designed by using Primer Express software version 1.5, on the basis of gene sequences obtained from the National Center for Biotechnology Information database. All reactions were performed with an ABI Prism 7700 Sequence Detection System (Applied Biosystems). Reactions were carried out in duplicate in a 50-l volume containing reverse-transcribed cDNAs, 25 l of 2ϫ SYBR Green Master Mix, and each forward and reverse primer at a concentration of 50 nM. Conditions for all SYBR Green PCRs were 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 95°C for 10 s and 60°C for 1 min. Data were gathered and analyzed by using the SDS 1.9 software on a G4 Power Macintosh computer (Apple Computer, Cupertino, Calif.). Results were normalized with respect to glyceraldehyde-3-phosphate dehydrogenase expression. Ct values were exported into a Microsoft Excel worksheet for calculation of gene expression in accordance with the delta delta Ct method (Applied Biosystems). Levels of gene expression in knockout mice were represented with respect to those in wild-type animals as knockout/wild-type ratios. P values were calculated for all of the genes investigated.
Serum and urine chemistries. Blood samples were collected from PDZK1 knockout and wild-type adult mice by cardiac puncture and subsequently centrifuged to recover sera, which were analyzed by the Massachusetts Institutes of Technology Department of Comparative Medicine Laboratory (Boston, Mass.). Urine samples were analyzed by the Clinical Laboratory at Beth Israel-Deaconess Medical Center.
RESULTS AND DISCUSSION
Protein sequences derived from human and mouse PDZK1 cDNAs were compared by using the Lasergene software. The analysis revealed 78.2% homology between the human and mouse protein sequences and that the PDZ protein interaction motifs were conserved between the two species (GenBank database accession no. AF012281 and AF220100, respectively).
Sequence analysis using specific oligonucleotides revealed that the mouse gene for PDZK1 contains nine exons, the first one upstream from the protein initiation codon (Fig. 1A) .
The pKO scrambler NTKV-1901 vector containing approximately 10 kb of the mouse gene for PDZK1 interrupted by a pgkneo cassette was used as a targeting vector and transfected into low-passage ES cells (Stratagene) (Fig. 1A) . Seven hundred colonies were isolated after 10 days of selection with G418. Twenty clones showed homologous recombination by Southern blot analysis hybridized with a 1.6-kb probe located upstream from the sequences used to build the targeting vector on the mouse gene for PDZK1 (Fig. 1A) . Wild-type clones showed a single hybridization band at about 10 kb, while clones with homologous recombination showed an additional band at 8 kb (Fig. 1B) . Two independent clones were injected into C57BL/6 blastocysts. Chimeras derived from both clones transmitted the targeted allele to the germ line. Offspring were genotyped by using a three-oligonucleotide primer PCR (Fig.  1C) . Crossing of heterozygous mice produced viable homozygous offspring in both the C57BL/6 and pure 129SvEV backgrounds.
Real-time PCR performed comparing the expression of PDZK1 in kidney and liver from wild-type and knockout mice revealed that the mRNA for PDZK1 is absent in knockout mice (data not shown). Western blot analysis confirmed the absence of PDZK1 expression in knockout mouse kidney samples ( Fig. 2A) , while cMOAT and actin were detected in both wild-type and knockout mouse kidney samples (Fig. 2B and C) . Immunoperoxidase studies using a PDZK1 polyclonal antibody showed the typical localization of PDZK1 associated with the brush border of kidney proximal tubular epithelial cells in wild-type mice, while no staining was observed in knockout counterparts (Fig. 3) (10) .
Mice homozygous for the targeted gene were observed for more than a year. They developed normally and showed no obvious alteration in gross morphology, weight, size, and fecundity compared to wild-type mice. Breeding of mice heterozygous for the targeted gene for PDZK1 produced the Immunoperoxidase studies were performed by using MAP17, cMOAT, and type IIa Na/Pi cotransporter antibodies on wild-type and knockout mouse kidneys (Fig. 3) . No difference in signal intensity or localization of all three proteins was seen. In wild-type mice, PDZK1 was associated with the apical brush border of proximal tubular epithelial cells, as previously described (10) . No staining for PDZK1 was seen in knockout mice. However, MAP17, cMOAT, and the type IIa Na/Pi cotransporter displayed the same characteristic distribution in wild-type and knockout mice.
RT-PCR experiments were conducted with total mRNA extracted from adult PDZK1 knockout and wild-type mouse kidneys. The levels of expression of ion channels and proteins known to be predominantly expressed in proximal tubular cells of the renal cortex were investigated, including the proteins known to interact with PDZK1, namely, MAP17, cMOAT, and the type IIa Na/Pi cotransporter (4, 9, 23) . The results are summarized in Table 1 . There was a significant downregulation of cationic amino acid transporter 2 (CAT-2), aquaporin I, and the postsynaptic 43-kDa protein in knockout mice compared to their wild-type counterparts (P Ͻ 0.05). All of the other ion channels and proteins investigated, including the molecules known to interact with PDZK1, did not show significant changes in the level of gene expression between PDZK1 knockout and wild-type mice (P Ͼ 0.05).
We have no evidence from our own experiments or published reports that any of the three modulated proteins interact with PDZK1. Aquaporin 1, CAT-2, and the postsynaptic 43-kDa protein have different functions. Aquaporin 1 is one of the 10 aquaporins known to transport solute-free water across cell membranes. In the kidney, it plays a role in concentrating urine (5) . CAT-2 is a member of a family of closely related cationic amino acid transporters responsible for the transport of arginine and lysine in mammalian cells and plays a major role in nitric oxide metabolism (18) . The 43-kDa postsynaptic protein is colocalized in a 1:1 ratio in the postsynaptic membrane with the acetylcholine receptor and has been proposed to play a role in the organization of the acetylcholine receptor (27) . The role of the postsynaptic 43-kDa protein in the kidney is unknown.
Since PDZK1 is expressed predominantly in the kidney and liver, serum and urine chemistry profiles were obtained to identify any abnormalities of renal and hepatic functions resulting from the targeted disruption of the gene for PDZK1. Serum analysis revealed a significant increase in the cholesterol levels in knockout mice compared to those in wild-type mice ( Table 2 ). All other levels in serum, including those of markers of liver and renal function, were similar in both groups. Urinalysis did not reveal any significant difference between knockout and wild-type mice ( Table 3) .
The increase in serum cholesterol in PDZK1 knockout mice compared to their wild-type counterparts was a surprise, since there is no known evidence that PDZK1 plays a role in cholesterol metabolism. However, this is an interesting finding that warrants further investigation. 
FIG. 3.
Immunoperoxidase staining of renal cortex from wild-type (WT) and knockout (KO) mice with PDZK1, MAP17, cMOAT, and the type IIa Na/Pi cotransporter. Note the typical staining pattern obtained for all four proteins associated with the apical border of proximal tubular epithelial cells in wild-type mice (p, proximal tubule; g, glomerulus). The staining of PDZK1 is absent in knockout mice, while there is no difference between wild-type and knockout mice in the staining or distribution of MAP17, cMOAT, and the type IIa Na/Pi cotransporter. Magnification, ϫ300.
VOL. 23, 2003 PDZK1 KNOCKOUT MOUSE 1179 Frequently, phenotypic changes associated with the deletion of a given gene are more limited than expected, as demonstrated in two other PDZ protein knockout mice, PSD-93 and PSD-95 (15, 16) . It is possible that a functional compensatory process involving other PDZ domain-containing proteins takes place in PDZK1 knockout mice, explaining, at least in part, the modest changes observed, particularly concerning the absence of redistribution of proteins known to interact with PDZK1, as demonstrated in renal tissue samples. Such compensatory mechanisms have been described in MALS/Veli (mammalian LIN-7/vertebrate homolog of LIN-7), a member of a complex of three PDZ proteins, LIN-2/7/10, involved in the basolateral localization of a receptor tyrosine kinase in Caenorhabditis elegans. Knocking out MALS-1 or MALS-2 did not reveal any significant phenotype, while knocking out both MALS-1 and -2 resulted in a dramatic upregulation of MALS-3 (17) . The generation of knockout mice for proteins interacting with PDZK1, as well as double knockouts, may provide additional tools with which to understand the role of PDZK1 in the apical sorting of ion channels and multidrug resistance.
